Summary Bone marrow transplantation (BMT) is one of the promising methods of treatment of hematologic malignancy. However, it has a variety of complications since it involves fatal doses of anti-cancer drugs and radiation during the conditioning period. Among the various complications of BMT, pulmonary hypertension is rare and its pathogenesis is poorly understood.
Introduction
Acute myeloid leukemia (AML) involves a hematopoietic transformation characterized by impaired differentiation of hematopoietic stem or progenitor cells, resulting in abnormal growth of a clonal subpopulation of neoplastic cells or blasts. This malignant alteration may lead to a loss of normal hematopoietic function, typically resulting in death within a few weeks to months [1] . Bone marrow transplantation (BMT), one of the key treatments of AML, dramatically improves the prognosis of AML. It has been used not only for patients with AML but also for patients with a wide variety of hematologic malignancies and benign diseases such as aplastic anemia. However, it features a variety of complications that result from the chemotherapy and radiotherapy applied during the conditioning period. Well-known complications of BMT include graft-versus host disease (GVHD), graft failure, interstitial pneumonitis, B-lymphocyte proliferative disorder, and various infections [2] . In contrast, pulmonary hypertension (PH) is rare as a complication of BMT, and its mechanism of onset remains poorly understood. PH is a rare progressive disease with poor prognosis. PH features a resting mean pulmonary arterial pressure (PAP) ≥25 mmHg, and one of the subgroups of pre-capillary PH, with pulmonary capillary wedge pressure (PCWP) ≤15 mmHg, is classified as pulmonary arterial hypertension (PAH) according to the updated clinical classification of PH reported by the Symposium at Dana Point, California in 2008 [3, 4] . One of the prominent changes in this classification from the Venice classification is that pulmonary veno-occlusive disease (PVOD) and pulmonary capillary hemangiomatosis are moved from a separate category into a subcategory of PAH [4] . Although PVOD is the most common feature of PH reported in association with BMT, there have been reported few case reports of it [5] [6] [7] [8] [9] .
We report here a 35-year-old female with AML, who presented with PH after BMT. Although she had severe dyspnea, her general condition markedly improved after oxygen therapy and treatment with warfarin and beraprost sodium. PAH has only rarely been reported as a complication of BMT, and there has been no report of reversible PAH in association with BMT in an adult. We present here for the first time a patient with PAH after BMT who exhibited marked improvement with early medical treatment.
Case report
A 35-year-old woman was diagnosed with AML with maturation (AML M2 in FAB classification) in October 2007 at 30-weeks of pregnancy. She was transferred to the Department of Hematology and Oncology and Department of Obstetrics of Osaka University Hospital, and underwent induced labor on October 24. After giving birth to her baby, chemotherapy was begun for induction of remission, followed by three courses of consolidation therapy.
On March 28, 2008, she received a BMT from an HLA-identical brother while her disease was in complete remission. Busulphan (36 mg/day) was used for 4 days and cyclophosphamide (2700 mg/day) for 2 days for conditioning for BMT. GVHD prophylaxis was performed using the standard regimen, with cyclosporine and a short course of methotrexate. Serum KL-6 levels before and after BMT were 189 U/mL and 159 U/mL, respectively. She had no complication of BMT, including GVHD, and was discharged two months later (day 68) in a relatively good condition.
Soon after leaving the hospital, however, she gradually developed shortness of breath and was re-hospitalized with symptoms of severe heart failure. She was transferred to the Department of Cardiovascular Medicine on July 2, 2008 (day 94). On admission, her heart rate was 108 bpm, her blood pressure was 92/68 mmHg, and oxygen saturation on room air was 93%. Physical examination revealed no abnormal breath or heart sounds and no leg edema. Arterial blood gas analysis on room air revealed a pO 2 62.6 mmHg and pCO 2 30.6 mmHg. Laboratory data on admission are summarized in Table 1 . Brain natriuretic peptide (BNP) was 702 pg/mL and serum uric acid (UA) was 7.2 mg/dL. Although the electrocardiography (ECG) showed sinus tachycardia of 115 bpm, chest radiography revealed no cardiomegaly and no signs of congestive heart failure (Fig. 1A) . The result of the 6-min walking distance (6MWD) test was 237 m with 2 L/min nasal O 2 at that time. Echocardiographic (UCG) examination was performed prior to BMT, and showed normal cardiac function and normal right ventricular (RV) pressure. However, her tricuspid regurgitation-pressure gradient was 38 mmHg, the diameter of inferior vena cava was 14 mm and reverse curvature of the inter-ventricular septum was noted at that time. Left ventricular (LV) contraction was normal ( Fig. 2A) . Chest computed tomography (CT) and lung perfusion scintigraphy yielded no evidence of pulmonary thromboembolism (PTE). High-resolution chest CT revealed no sign of centrilobular ground-grass opacities, septal lines, or lymph node enlargement, which are suggestive for PVOD. In addition, enhanced CT revealed no pulmonary embolism and no deep vein thrombosis (Fig. 1B) . The results of right heart catheterization (RHC) are summarized in Table 2 . PCWP was normal (mean PCWP: 7 mmHg), cardiac output 2.74 L/min/m 2 , mean PAP 35 mmHg, and pulmonary vascular resistance was high (545 dyn s/cm 5 ). There was no evidence of family history of PAH, collagen disease, chronic hepatitis, portal hypertension, human Oxygen therapy was started on admission, and furosemide was simultaneously administered for 2 days (20 mg/day). Thereafter, warfarin and beraprost sodium (120 g/day) were started. Her general condition improved soon after initiation of treatment. After one month of treatment, 6MWD had markedly improved to 395 m with 1 L/min nasal O 2 , BNP had decreased to 12.9 pg/mL, and UA had also decreased to 4.8 mg/dL. UCG examination revealed normal contraction of the heart, and the abnormal contour of the inter-ventricular septum and her tricuspid valve regurgitation had disappeared (Fig. 2B) .
Her general condition was stable in New York Heart Association (NYHA) Class II, and she was discharged on August 31, 2008 with 1.5 mg/day warfarin (prothrombin-international normalized ratio: 2.35) and beraprost sodium without oxygen therapy. Her BNP and UA were maintained at low levels (BNP 17.2 pg/mL and UA 4.7 mg/dL) during a year of observation in the out-patient clinic without any signs of heart failure (NYHA Class I).
Discussion
In the updated Dana Point classification, BMT is not characterized as associated with PH. However, drugs-and toxins-induced PAH are included in the category of PAH [4] . In addition, chemotherapeutic agents are classified as 'possible' risk factors in the updated lists for PAH [10] . Although PVOD has been reported in association with BMT [5] [6] [7] [8] [9] , attributed in part to direct injury by chemotherapeutic agents and radiation therapy [11, 12] , PAH as a complication of BMT has only rarely been reported. In the present case, (1) PH occurred after BMT, (2) enhanced chest CT scan and ventilation-perfusion scintigraphy did not reveal pulmonary embolism, and (3) her clinical course did not deteriorate and was instead improved with medical treatment. We therefore diagnosed her PH as PAH related to BMT. However, because we did not perform lung biopsy, we could not exclude the possibility of PVOD, the most common form of PH associated with BMT.
Vaksmann et al. described the onset of PAH 5 months post-BMT in an 8-year-old girl conditioned with busulphan, cyclophosphamide, and cytarabine [13] . They found no signs of pulmonary vein involvement that would have suggested veno-occlusive disease. Open-lung biopsy revealed lesions located exclusively in small pulmonary arteries and arterioles with medial hypertrophy and intimal fibrosis associated with plexiform lesions, and the pulmonary veins and venules were normal. Prostacyclin and diltiazem infusion reduced pulmonary vascular resistance without significant modification of systemic vascular resistance or cardiac output, and the patient was discharged from hospital on oral diltiazem and an anticoagulant in NYHA Class II. Our patient was also treated with busulphan and cyclophosphamide, and subsequently with BMT, and her pulmonary hypertension markedly improved with oral prostacyclin and an anticoagulant.
PH has been reported as a complication of BMT in several disease groups. Although we excluded PTE in this case, there are reports of PTE in association with BMT [14] . Whether epithelial-alveolar injury induced by chemotherapeutic agents or radiation results in the development of PTE or whether other factors play a role in the pathogenesis of PTE is unknown. PAH of late onset after BMT has been reported in association with GVHD [15] . Bronchiolitis obliterans, interstitial pneumonia, and pulmonary fibrosis are well-recognized complications of BMT. These disorders are strongly associated with GVHD, suggesting that the small airways and lung parenchyma are tissues targeted by immune processes in the post-transplant period. However, serum KL-6 level after BMT was maintained as normal and chest CT scan in our patient yielded no evidence of pulmonary complications and no signs of GVHD.
Another possible cause of PAH is infection with a vasculotrophic virus, such as HHV8 or HIV [16] , which has been postulated to play a role in PAH. A reactivation of the viruses during post-transplant period has been reported. However, there was no evidence of HHV8 or HIV infection in our patient.
Holcomb et al. suggested that PH associated with hematologic malignancies has received considerable attention as a potential cause of PVOD [17] . In general, the clinical course of PVOD is progressive, and, though there may be a few patients who respond to medical therapy, long-term survival is poor and remission has never been reported. The cause of PVOD remains unclear, although association of it with multiple conditions has been reported, and most cases of it have been diagnosed at autopsy. The actual incidence of PVOD after BMT is unknown, and it may be more prevalent than commonly believed, given the difficulty in diagnosing it. It is possible that less severe cases of it are diagnosed as other illnesses [9] . We therefore cannot exclude the possibility of chemotherapy-induced injury to the pulmonary vascular endothelium in this patient, various possibilities remain, such as PAH associated with drugs and toxins, a less severe case of PVOD, or other illness. The issue of interest in this case is the underlying pathological cause of the vascular injury. Although we were unable to clearly determine the cause of her PH, early appropriate treatment resulted in improvement of her PH. While the possibility of coincidental overlap with toxicity after BMT cannot be excluded, the clinical context suggests that injury to pulmonary vessels may occur after BMT, and not only in the context of GVHD.
There has been no previous report of reversible PAH in association with BMT in an adult. In the early stage of human PAH, the disease has two components: pulmonary vasoconstriction and vascular remodeling. As the disease progresses, the capacity of the pulmonary vascular bed to dilate and recruit unused vasculature is lost. Considering the effectiveness of the medical treatment, the vasoconstriction of small arteries may be the pivotal mechanism for the pathogenesis of PAH in this case.
Whatever its pathogenesis, this case indicates that PH should be considered in post-BMT patients with dyspnea without evidence of pulmonary parenchymal disease or bronchiolitis. We have presented here for the first time an adult case of PAH after BMT with marked improvement with medical treatment. This case indicates that attention must be paid to the clinical symptoms and physical findings of PH as a possible complication of BMT.
